Abstract. Vertical profiles of the aerosol particles hygroscopic properties, their mixing state as well as chemical composition were measured above northern Italy and the Netherlands. An aerosol mass spectrometer (AMS; for chemical composition) and a white-light humidified optical particle spectrometer (WHOPS; for hygroscopic growth) were deployed on a Zeppelin NT airship within the PEGASOS project. This allowed one to investigate the development of the different layers within the planetary boundary layer (PBL), providing a unique in situ data set for airborne aerosol particles properties in the first kilometre of the atmosphere. Profiles measured during the morning hours on 20 June 2012 in the Po Valley, Italy, showed an increased nitrate fraction at ∼ 100 m above ground level (a.g.l.) coupled with enhanced hygroscopic growth compared to ∼ 700 m a.g.l. This result was derived from both measurements of the aerosol composition and direct measurements of the hygroscopicity, yielding hygroscopicity parameters (κ) of 0.34 ± 0.12 and 0.19 ± 0.07 for 500 nm particles, at ∼ 100 and ∼ 700 m a.g.l., respectively. The difference is attributed to the structure of the PBL at this time of day which featured several independent sub-layers with different types of aerosols. Later in the day the vertical structures disappeared due to the mixing of the layers and similar aerosol particle properties were found at all probed altitudes (mean κ ≈ 0.18 ± 0.07). The aerosol properties observed at the lowest flight level (100 m a.g.l.) were consistent with parallel measurements at a ground site, both in the morning and afternoon. Overall, the aerosol particles were found to be externally mixed, with a prevailing hygroscopic fraction. The flights near Cabauw in the Netherlands in the fully mixed PBL did not feature altitude-dependent characteristics. Particles were also externally mixed and had an even larger hygroscopic fraction compared to the results in Italy. The mean κ from direct measurements was 0.28 ± 0.10, thus considerably higher than κ values measured in Italy in the fully mixed PBL.
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Introduction
Aerosol particles directly have an impact on climate by absorbing or scattering the solar radiation. The optical properties depend on the particles' size as well as their chemical composition and both can be altered at elevated relative humidities (RH) if the particles are hygroscopic (Boucher et al., 2013) .
Most particles are emitted or formed in the planetary boundary layer (PBL), the lowermost layer of the troposphere. The PBL is subject to changes depending on the strength of the incident solar radiation (compare Stull, 1988) : under clear sky conditions heating of the Earth's surface by solar radiation induces convective turbulence and therefore a well-mixed PBL builds up after midday ranging up to an altitude of approximately 2 km. During night when the surface cools down, several sub-layers are present in the PBL where the uppermost part is defined as the residual layer (RL). The RL contains a mixture of emissions and background aerosol from the day before and is decoupled from the surface. Close to the ground a stable nocturnal layer (NL) develops where local and/or regional emissions accumulate. Once the sun rises a new mixing layer (ML) is formed which is separated from the other layers through a temperature inversion. Throughout the day this ML evolves until it reaches up to the free troposphere and extends across the whole PBL. The dynamics of the sub-layers in the PBL and its effect on the properties of the aerosol particles in these layers are still poorly understood.
Airborne studies were previously performed to investigate the aerosol chemical composition as a function of altitude utilizing an aerosol mass spectrometer and showing that chemical composition varies with height (Morgan et al., 2009 (Morgan et al., , 2010a Pratt and Prather, 2010) . Accordingly, aerosol hygroscopicity, which depends on chemical composition and can also be inferred from it, is also expected to be height dependent. Morgan et al. (2010a) conducted flights over north-western Europe, focusing on changes between 0 and 10 km a.g.l. In general aircraft campaigns commonly stretch over large areas and altitudes, often above the PBL, therefore providing only limited information on the PBL itself. On the other hand, extensive data sets studying the variability of aerosol composition and hygroscopic properties are available from ground-based studies. However, surface measurements are not always representative for aerosol properties at elevated altitudes.
One way to explore the hygroscopic properties of aerosols is to measure the so-called hygroscopic growth factor (GF) defined as the ratio of the particle diameter at a certain relative humidity (RH; D wet ) divided by its dry diameter (D dry ):
The most common instrument for ground-based hygroscopicity measurements of atmospheric aerosol particles is the hygroscopicity tandem differential mobility analyzer (HTDMA; see e.g. Liu et al., 1978, or McMurry and Stolzenburg, 1989 , for details). It explores particle growth in the subsaturated RH range and was employed successfully in several ground-based campaigns (compare the review by Swietlicki et al., 2008) . This method investigates GFs at high precision but needs several minutes for a full measurement cycle which makes it rather unsuited for airborne measurements. Besides, its detection range is limited to a maximal dry mobility diameter of approximately 250 nm. HTDMA and chemical composition hygroscopicity closures were performed at various sites including urban (see e.g. Kamilli et al., 2014) and rural regions (see e.g. Wu et al., 2013) , as well as elevated mountain sites (e.g. Kammermann et al., 2010) .
To our knowledge, only few campaigns report airborne hygroscopicity results due to the lack of suitable instruments for this kind of measurements. The first instrument built for this special task is the aerosol hydration spectrometer (AHS; Hegg et al., 2007) . The set-up comprises two optical instruments, to measure the properties of the dry and humidified aerosol particles. However, quantifying hygroscopic growth with the AHS is difficult as the measurement is performed for poly-disperse rather than size-selected aerosol samples. The differential aerosol sizing and hygroscopicity spectrometer probe (DASH-SP; Sorooshian et al., 2008 ) is using a combination of differential mobility analysis (DMA) and optical particle spectrometry (OPS) and has successfully been applied for airborne GF measurements at sub-saturated RH. This instrument is limited to small sizes in the range of 150-225 nm dry diameters. In the aircraft campaigns an attempt was made to reconcile simultaneously measured chemical composition and hygroscopic growth using an AMS and DASH-SP. Herein, Hersey et al. (2009 Hersey et al. ( , 2013 focused their studies on the free troposphere in the marine atmosphere off the coast of California.
Most measurement techniques to study hygroscopicity select particles smaller than ∼ 300 nm, which implies that species that are more abundant at larger sizes (e.g. sea salt, mineral dust) cannot be easily investigated. This may induce a bias in estimates of the humidity effects on hygroscopic growth and light scattering efficiency of particles in the upper accumulation mode size range. Indeed, Zieger et al. (2011) presented a comparison between HTDMA measurements for dry diameters of 165 nm and calculated GFs using size distributions, scattering enhancement factors (based on polydisperse aerosol particles in the PM 1 range) and Mie theory. The comparison revealed that indeed in the presence of sea salt the HTDMA hygroscopicity results for particle diameters of 165 nm were not representative for the atmospheric accumulation mode particles, finding too small GF values. Based on these findings we concluded that understanding the hygroscopic properties of larger particles is important as well to understand the RH effects on aerosol optical properties. Hence, we developed the white-light humidified optical particle spectrometer (WHOPS; Rosati et al., 2015) to perform vertical profiles of the particles' hygroscopic properties of optically more relevant sizes (D dry = 300, 500 nm).
Within the Pan-European Gas-AeroSOl-climate interaction Study (PEGASOS) air masses over Europe were explored in order to understand feedbacks between atmospheric chemistry and a changing climate. Our interest here focusses on the vertical changes in aerosol properties and particularly on changes occurring due to the dynamics of the PBL. For this purpose a Zeppelin NT ("New Technology") was utilized as a measurement platform to probe different layers present in the evolving convective PBL in various European regions. The Zeppelin NT airship was equipped with an aethalometer, an HR-ToF-AMS and the WHOPS to investigate the chemical composition, the hygroscopic properties as well as the mixing state of the aerosol particles. In the current study, data from vertical profiles recorded above southern (Po Valley, Italy) and central Europe (Cabauw, Netherlands) are presented ( Fig. 1 shows the campaign locations). Comparison with co-located ground-based in situ measurements made it possible to assess under which conditions the ground data are representative of the column above.
Experimental

The Zeppelin NT airship
The Zeppelin NT airship, which served as a platform for the airborne measurements, flew with an average speed of 50 km h −1 a.g.l. and reached altitudes between 80 and 1000 m a.g.l., depending on the payload and ambient temperature. Therefore, a good spatial and temporal resolution of the gas-phase and aerosol properties could be obtained. This made it possible to focus on the evolution of the mixed layer forming at low altitudes in the first hours of sunlight and finally expanding across the whole PBL. In order to do so, circles at selected constant heights were flown with straight ascents and descents. For flight safety reasons, the Zeppelin could only be deployed on days with low wind speeds and low cloud coverage or clear sky.
The Zeppelin NT airship could be equipped with different instrumental layouts for focusing on certain research questions. For this study the so-called secondary organic aerosol (SOA) layout was utilized. This layout included measurements of aerosol properties like aerosol hygroscopicity, size distribution, particle number concentration, chemical composition and volatile organic compounds (VOC). The specific instruments used to measure these properties are described in the following subsections. In addition, nitrogen oxides (NO x ), ozone (O 3 ), carbon monoxide (CO), radiative flux, hydroxy as well as peroxy radicals (OH, HO 2 ) were monitored continuously on board of the airship. Each instrument had a separate inlet system and a separate sampling position.
Flight and ground-based measurement locations
Po Valley site
The Italy campaign took place in the Po Valley, a region known for its remarkably high air pollution levels, compared to other places in Europe (see e.g. Putaud et al., 2010) . The Po Valley hosts several industrial, urban and agricultural areas allowing for detailed anthropogenic pollution studies; however, long-range transport and aged aerosol from other sites can also be investigated. The Zeppelin NT airship was stationed at Ozzano Airport (located at 44 • 28 ′ N, 11 • 32 ′ E, ∼ 30 km south-east of Bologna) and performed flights during June and July 2012 in the greater Po Valley region. The vertical profiles were mostly taken near the San Pietro Capofiume (SPC) ground station (located at 44 • 39 ′ N, 11 • 38 ′ E), a rural background site which lies approximately 40 km northeast of Bologna. Throughout the PEGASOS campaign the SPC station was equipped with a set of instruments equivalent to those on the Zeppelin NT airship in order to compare flight and ground-level data. To get estimates of the mixing layer height a Jenoptik CHM15K "Nimbus" automated lidar ceilometer was employed at SPC. In the present analysis we used an operator-driven approach which avoids the major drawbacks of automated mixing layer height (MLH) retrievals (e.g., Angelini et al., 2009; Haeffelin et al., 2012; Di Giuseppe et al., 2012) . This is performed by manually evaluating the MLH by a skilled operator's visual analysis. The trained operator manually marks a number of points (at least one per hour) matching the requirements of showing maximum signal gradients, maximum signal variance, continuity between sunrise until sunset and separation from the residual layer's gradient maxima. A spline curve is then fitted to these points to provide a continuous MLH over time. Naturally, the MLH is not retrieved when it descends be-low the minimum height observed by the ceilometer (about 200 m a.g.l.). The typical uncertainty due to this approach amounts to 3 pixels, i.e. ±45 m. Additionally, we compared the ceilometer retrieval to the MLH found by analysing T and RH gradients from a co-located radio sounding performed at 11:00 UTC. Note that the radio sounding was carried out only once every 12 h, while ceilometer retrievals of MLH have a time resolution of minutes. The 11:00 UTC MLH retrieved from the radio sounding yielded a value of 753 m a.g.l., while an altitude of 772 m a.g.l. was found from the ceilometer data at this time of day. The two retrievals agree within the ±45 m we commonly use as uncertainty of our MLH retrievals. The findings of the ceilometer are additionally supported by height profiles of the potential temperature ( ) measured aboard the Zeppelin NT, which can be found in the Supplement.
Netherlands site
The campaign in the Netherlands was located in the South Holland and Utrecht region. This region is representative for north-west Europe and is influenced by continental and maritime air masses, depending on the wind direction. The Zeppelin NT airship was stationed at Rotterdam -The Hague Airport and conducted several flights in May 2012. The vertical profiles were performed near the Cabauw Experimental Site for Atmospheric Research (CESAR, located at 51 • 97 ′ N, 4 • 93 ′ E). The CESAR station hosts a number of instruments to characterize radiative properties, climate monitoring and atmospheric processes (www.cesar-observatory.nl). During the PEGASOS campaign an aerosol mass spectrometer was added to the permanently installed aerosol measurements. Also at this station, a ceilometer system (Vaisala LD40) was utilized to get an estimated mixing layer height. The retrieval of the mixing layer height from the LD40 ceilometer backscatter profiles is based on a wavelet algorithm (Haij et al., 2007) . The algorithm determines the height of the maximum in the gradient in the backscatter profile. The difference in backscatter in a small range below and above the retrieved height is used as an estimator for the quality of the retrieved height. Retrieved mixing heights with the highest quality index have comparable accuracy to radiosonde retrieved heights and have an estimated accuracy on the order of ±50 m.
Instrumentation for aerosol measurements
Hygroscopic and optical aerosol properties
On the Zeppelin the white-light humidified optical particle spectrometer (WHOPS) was used to determine hygroscopic GF. All instrument specifications, as well as associated calibration and data analysis procedures, are presented in detail in Rosati et al. (2015) . Briefly, particles are collected through an isokinetic inlet, developed for an average flight velocity of 50 km h −1 , before they reach the WHOPS. Then the particles are dried (RH < 10 %) and size-selected in a differential mobility analyzer (DMA). In a next step, the dry particles are guided directly to a WELAS 2300 optical particle spectrometer (WELAS; Palas GmbH, Karlsruhe, Germany) to measure the dry optical response. Alternatively, the size-selected dry particles are humidified before being directed to the WELAS to measure the wet optical response (residence time at high RH: ∼ 20 s). Multiply charged particles appear as a distinctly separated mode in the optical size distribution measured by the WELAS and are discarded from the further data analysis. Hygroscopicity measurements are typically performed at RH = 95 %, where the uncertainty in the humidity measurement is estimated to be ± 2 %. Since the RH to which particles were exposed to varied only between 94 and 96 % during both flight days, no further RH corrections were applied to the results. Using the WHOPS set-up, an optically measured size distribution can be achieved by stepwise recording the size-selected particles in their dry and humidified state. To be able to link the measured partial scattering cross sections (σ ; from now on referred to as simply scattering cross section) of the WELAS to specific geometric diameters, several factors have to be known: the index of refraction (m) as well as the optical set-up of the instrument, the spectrum of the light source and the sensitivity of the detector.
The WELAS was chosen because of its white-light source (OSRAM XBO-75 xenon short arc lamp) which minimizes Mie oscillations of the scattering cross section as a function of particle size. This allows for mostly unambiguous attribution of particle diameter to measured scattering cross section. Residual uncertainties with regard to the Mie oscillations amount to less than 7 % in the GF (for more details see Rosati et al., 2015) . Since specific dry mobility diameters were selected, the optically measured σ can be converted to optical diameters (D) using a σ -D-m table for a series of different indices of refraction calculated based on Mie theory (Mie, 1908; Bohren and Huffman, 2007) . The index of refraction for which the optical diameter of the dry particles coincides with the selected mobility diameter is then defined as the effective index of refraction (m dry ) of the dry particles. The qualifier "effective" is used because the true index of refraction can be slightly different due to required approximations such as assuming an imaginary part of zero and only spherical and homogeneously internally mixed particles (see Rosati et al., 2015 , for more details).
The index of refraction of the grown particles approaches the index of refraction of pure water (m H 2 O = 1.333) with increasing hygroscopic GF. Including this effect is crucial for the data analysis and the approach was done as detailed in Rosati et al. (2015) . The effective indices of refraction for 500 nm particles and a wavelength range of 380-600 nm (see Rosati et al., 2015 for the light spectrum of the WE-LAS) were found to be 1.43 ± 0.02 (mean ± SD) in Italy and 1.42 ± 0.02 (mean ± SD) in the Netherlands. An absolute uncertainty of ±0.04 has to considered for all index of and RH profiles, respectively. In addition, the different height profiles IHP1/2, IHP3, IHP4 and IHP5/6 are indicated. refraction retrievals (see Rosati et al., 2015 and Supplement) . During the measurement campaigns, the instrument was regularly checked and calibrated with well-defined aerosols with known optical properties and hygroscopicity, e.g. ammonium sulphate particles. For such measurements no nonhygroscopic mode (GF ∼ 1) was detected, as expected. However, the WHOPS, which uses a combination of mobility sizing and optical sizing, could potentially falsely classify certain particles as non-hygroscopic if they are non-spherical or if their index of refraction deviates substantially from the effective index of refraction applied in the data analysis approach. For example, moderately coated black carbon particles could be falsely classified. However, it is rather unlikely that the biases from selecting by mobility and optical sizing compensate each other in such a manner that the majority of the black-carbon-containing particles falsely appear to be non-hygroscopic.
Particles with a dry mobility diameter of 300 or 500 nm were alternately probed during 250 s per size, whereof 150 s was used for the wet mode and 100 s for the dry mode. The results were averaged for each probed layer at a constant flight altitude. This ensured that each GF-probability density function (GF-PDF) shown in Figs. 3, 4, 11 and 12 is based on more than 90 detected particles. As described in Rosati et al. (2015) the GF uncertainty for dry particle diameters of 500 nm is approximately ±10 % in the range 1 < GF < 3. Note that due to insufficient detection efficiency and ambiguous sizing in the optical detection the WHOPS can unambiguously detect particles with a dry diameter of 300 nm and a GF > 1.5, whereas ambiguities occur for GF < 1.5 and D dry = 300 nm, as described in Rosati et al. (2015) . Thus, no information is available from the WHOPS measurements on the number fraction and properties of the 300 nm particles with GF < 1.5.
The distribution of GF can provide information on the mixing state of aerosol particles with respect to components that differ in hygroscopicity. Commonly the mixing state of aerosol particles is classified as follows: if all particles of a certain size have almost the same chemical composition, they are described as internally mixed, whereas if particles of equal size have different chemical composition, they are referred to as externally mixed. Depending on the mixture, the hygroscopic behaviour will change: internally mixed aerosols will grow uniformly with increasing RH, while external mixtures of substances with differing hygroscopic properties will result in multi-modal and/or broadened GF distributions. We chose GF-PDFs as graphical representation of WHOPS data to investigate the mixing state of the aerosol particles during the flight days.
The SPC site was equipped with a hygroscopicity tandem differential mobility analyzer (HTDMA) in order to determine the hygroscopic properties of particles with four different dry diameters between 35 and 200 nm. Each scan to record a GF-PDF at a fixed dry size lasted 500 s in total, thus providing a time resolution of 1.8 measurements per hour for each dry size. The set-up comprises two DMAs connected in series combined with a condensation particle counter (CPC). First, a dry mono-disperse aerosol is selected in the first DMA (RH < 30 %), then exposed to elevated relative humidity (typically 90 %) and the resulting size distribution is then measured using a second DMA coupled to a CPC providing a GF distribution. The inversion of the HTDMA results was done with the algorithm proposed by Gysel et al. (2009) . For a direct comparison to the WHOPS measurements, the HTDMA GF-PDF were recalculated for RH = 95 % using Eq. (5) in Gysel et al. (2009) . Note that the dry sizes selected by the WHOPS are larger compared to those selected by the HTDMA, which is built for the investigation of smaller particles. Torr. The particles were sampled through a 1500 mm long tube (4 mm ID), ending about 200 mm below the bottom hatch of the Zeppelin. A constant pressure inlet, consisting of an orifice that is pumped with variable flow and installed between the aerosol inlet and the AMS, was used to regulate the downstream pressure to 800 hPa independent of upstream pressure. This ensured constant sampling conditions for the AMS. Within the AMS, the particles pass a critical orifice and an aerodynamic lens, which collimates particles of sizes between 100 and 700 nm into a narrow beam. The particle beam is impinging on a hot surface (600 • C), where the non-refractory components flash vaporize. The resulting vapours are ionized by electron impact ionization and measured with a time-of-flight mass spectrometer. The AMS allows for identification and quantification of peaks corresponding to classes of chemical species (e.g. nitrates, sulphates, chloride, ammonia and organics). Where mass resolution is not sufficient or more than one chemical species fragments to the same ion in the ionization process, known relationships between peaks at different mass to charge ratios are used to improve quantification (fragmentation table, Allan et al., 2004) . Two operational modes of the ToF-MS (V-and W-Mode) were used during the flights. Specifications of the adaptation of the HR-ToF-AMS for the Zeppelin requirements can be found in Rubach (2013). A collection efficiency (CE) of 1 was applied to the AMS measurements, based on a comparison between mass concentrations derived from particle size distributions measured by scanning mobility particle sizers (SMPS; TSI Inc., DMA Model 3081 and water -CPC Model 3786) and WELAS, and the combined results of AMS and aethalometer measurements on the Zeppelin. Because a CE of 1 is higher than observed in other field studies and we cannot explain this difference, we attribute an uncertainty of ∼ 50 % for the Zeppelin AMS mass concentrations. The same procedure was applied to the ground measurements at SPC yielding the same conclusion that a CE of 1 has to be used. In Cabauw the CE was estimated using the algorithm proposed by Middlebrook et al. (2012) . The mass fractions of the compounds are independent of this uncertainty.
Aerosol chemical composition
At the ground stations, both in Italy and the Netherlands, equivalent black carbon (eBC) mass concentrations were measured with a multi-angle absorption photometer (MAAP Thermo Scientific Model 5012; Petzold et al., 2005 ) with a resolution of 5 min and an uncertainty of 12 % (Petzold and Schönlinner, 2004) . A mass absorption cross section (MAC) of 6.6 m 2 g −1 for a wavelength of 637 nm (Müller et al., 2011) was chosen to convert the measured particle absorption coefficient to eBC mass concentrations. A portable aethalometer (AE42, MAGEE Scientific; Berkeley, USA) was mounted on the Zeppelin NT to monitor the eBC mass concentrations. The aerosol was collected through the same isokinetic inlet and sampling line as for the WHOPS. eBC concentrations were logged with a time resolution of 2 min and averaged for the time needed to probe a certain layer. Results at a wavelength of 880 nm were used. During the flights a maximal attenuation of 70 % and a 4 L min −1 flow rate were chosen. The data were used as retrieved by the manufacturers' firmware using an apparent MAC of 16.6 m 2 g −1 at a wavelength of 880 nm for the BC deposited in the filter matrix. This value already accounts for the additional absorption within the filter matrix due to multi-scattering effects (Weingartner et al., 2003) . Furthermore, using this value provides consistent eBC mass concentrations from MAAP and aethalometer, if the multi-scattering enhancement factor (C value) of the aethalometer is 3.48 and if the absorption Ångström exponent (AAE) of BC between 637 and 880 nm Particles are classified into three hygroscopicity categories according to their GF: GF < 1.1, 1.1 < GF < 1.5, GF > 1.5, in blue, light blue and pink respectively; these are equivalent to κ < 0.02, 0.02 < κ < 0.13 and κ > 0.13. The black, dashed line denotes the flight altitude. The labelled, coloured areas refer to the layer which was probed at the certain altitude.
wavelength is 1.0. Both should be fulfilled in good approximation (WMO/GAW, 2016; Collaud Coen et al., 2010; Sandradewi, 2008) . The chemical composition obtained from the bulk measurements of AMS and aethalometer is considered to be representative of PM 1 (particulate mass with an aerodynamic diameter smaller than 1 µm), as the AMS has a transmission efficiency of close to unity for particles with vacuum aerodynamic diameters between 50 and 600 nm and as most eBC is expected to be present in the size range below 1 µm.
κ-Köhler theory
In order to link hygroscopicity measurements made at different RH using different instruments, it is common to use the semi-empirical κ-Köhler theory introduced by Petters and Kreidenweis (2007) :
Köhler theory relates the equilibrium RH (RH eq ) over a solution droplet to the product of the water activity a w representing the Raoult term, and the factor S k representing the Kelvin term. D dry describes the dry diameter, GF the growth factor (see Eq. 1), σ s/a is the surface tension of the solution/air interface, M w the molecular mass of water, R the ideal gas constant, T the absolute temperature and ρ w the density of water. κ is the semi-empirical hygroscopicity parameter introduced by Petters and Kreidenweis (2007) , which captures the composition dependence of the Raoult term.
To derive κ values from GF measurements at specific RHs, the relation between a w and GF is used as described by Petters and Kreidenweis (2007):
The subscript "meas" refers to the fact that this κ value is based on the measured GF. The water activity was inferred from the RH and equilibrium droplet diameter (D wet ):
In our calculations the surface tension of water is assumed. For a composition-hygroscopicity closure, the κ values derived from the GF measurements (WHOPS) are compared to those derived from the chemical composition measurements (AMS and aethalometer). The composition based κ value, κ mix , of a mixture was estimated from the κ values, κ i , of the pure components and the respective volume fractions, ǫ i , using the Zdanovskii-Stokes-Robinson (ZSR) mixing rule (Stokes and Robinson, 1966; Petters and Kreidenweis, 2007) : The mass concentrations of nitrate, sulphate, ammonia, organics and chloride ions as measured by the AMS were converted to neutral salts in order to apply Eq. (5) to calculate hygroscopic properties of the aerosol particles. To do so the ion pairing mechanism described by Gysel et al. (2007) in their Eq. (2) was used. The corresponding densities as well as κ values for the corresponding pure compounds for the prediction of the hygroscopicity parameter are summarized in Table 1 . For the inorganic salts, the bulk densities were taken from literature and the κ values were derived from ADDEM predictions (Topping et al., 2005) which is a detailed model capable of calculating growth factors of inorganic aerosols with high accuracy. The final κ values were calculated for equilibrium solution concentrations at a w = 0.95. The κ values for the organics were inferred from the measured O : C ratio using the relationship between O : C and κ value reported in Duplissy et al. (2011) for organics in atmospheric aerosols. The O : C ratio was deduced from the HR-ToF-AMS measurements using the method presented by Aiken et al. (2007) . During the flight in Italy, O : C differed slightly between the three probed layers with values of 0.45 ± 0.03, 0.55 ± 0.03 and 0.50 ± 0.05 for the newly forming ML, the RL and the fully developed ML, respectively. The corresponding κ values were estimated to be 0.09, 0.14 and 0.12 accordingly. The mean O : C ratio of the organics measured at the SPC ground site was 0.60 ± 0.03, which translates to a κ value of 0.17 for the organic fraction. In the Netherlands, the mean O : C ratio of the organic matter measured by the HRToF-AMS at the ground station of Cabauw was 0.48 ± 0.02 and the corresponding κ value of the organic matter was estimated to be 0.11.
Calculations of the density of organic matter were based on a parametrization using O : C and H : C ratios (Kuwata et al., 2012) . The mean organics' density and SD was found to be 1233 ± 35 kg m −3 . eBC was assumed to have κ = 0 and a bulk density of 2000 kg m −3 .
Results and discussion
Po Valley campaign
In the following we present hygroscopicity results recorded with the WHOPS aboard the Zeppelin NT airship. The vertical flight pattern performed on 20 June 2012 is shown in Fig. 2 . During this day vertical profiles were measured within 5 km horizontal distance from the SPC site from ∼ 08:30 LT until approximately 14:00 LT with a refuel break in-between (∼ 10:00-11:00 LT). Two different height levels were covered at approximately 100 and 700 m a.g.l. On this day westerly winds and wind speeds around 2-3 m s −1 prevailed. Therefore, the air masses originated from the Po Valley plain and due to the low wind speeds the influence of local pollution was high. Figure 2 depicts the temporal evolution of potential temperature ( ) and RH observed during the flight at different altitudes. The shaded area denotes the estimated mixing layer height inferred from ceilometer-Lidar data. The RH ranges from 30 % to a maximum of 60 % and shows a clear altitude dependence: during the first part of the flight the RH was always higher near the ground, while later in the day the opposite trend is visible. The evolution of elucidates a clear layering during the beginning of the flight (seen as abrupt change in between 100 and 700 m a.g.l.), which slowly disappears towards the last profiles. Detailed height profiles of as well as mean values of RH and for each height profile can be found in the supplement. The development of is also consistent with the evolution of the estimated mixing layer height, which indicates that during the morning hours (∼ 08:30-10:00 LT) we were able to ascend into the RL and investigate the new ML at the lower altitudes. During the second half of the flight (∼ 12:30-14:00 LT) the fully developed ML was probed at both altitudes. Figure 3 illustrates the GF-PDFs measured by the WHOPS for different altitudes and times of day and therefore specific layers within the PBL. Each GF-PDF represents an average over the chosen time interval and altitude. The mean GF and κ values for each panel are presented in Table 2 . In general broad GF(95 %) distributions with particles exhibiting GFs between 0.9 and ∼ 2.5 can be observed throughout the flight. Vertical differences appear during IHP1/2 ( Fig. 3a and c) , with a more pronounced fraction of more hygroscopic particles (GF > 1.5) in the new ML, compared to the RL. On the other hand, the fraction of particles with GF < 1.1 is more prominent in the RL. As a result, the mean hygroscopicity in the new ML is higher than in the RL reaching GF(95 %) values of 1.88 ± 0.19 in the former compared to 1.61 ± 0.16 in the latter. The GF-PDFs measured after approximately 12:30 LT (IHP5/6) do not exhibit any clear vertical differences (Fig. 3b Table 2. Mean GF(95 %) and κ values for IHP1/2 and IHP5/6 with respective accuracies. κ chem is the calculated κ using the AMS and aethalometer measurements on board of the Zeppelin NT or AMS/MAAP combination at the SPC ground station. Besides, results for two different altitudes and the corresponding layers probed are mentioned. Additionally, the size at which the measurements are performed is stated. and d), indicating that in this period the Zeppelin NT flew within the fully developed ML at both altitudes. The mean GF(95 %) values amount to 1.49 ± 0.15 and 1.63 ± 0.16 at 100 and 700 m a.g.l., respectively. This difference in the mean GF(95 %) is for the most part caused by the outlier at ∼ 12:45 LT, as will be shown below with Fig. 4 . It leads to subtle differences between the two altitudes with a slightly higher fraction of particles with GF < 1.1 and a slightly lower fraction of particles with GF > 1.5 at 100 m a.g.l. compared to 700 m a.g.l. When comparing the results at fixed elevation but different times (Fig. 3a vs. b and c vs. d) distinct changes are only observed at the lower altitude in the transition from the new ML to the fully developed ML, while little changed at the higher altitude in the transition from the RL to the fully developed ML. This can be explained by the differing chemical composition of the particles in these layers, with a very strong nitrate fraction in the new ML which decreases in the fully developed ML as will be discussed in more detail in Sect. 4.1.2. Even though the GF-PDFs in Fig. 3 imply externally mixed aerosol particles, this is not necessarily the case at all times as the average of an internally mixed aerosol with variable composition could potentially yield the same result. Due to low counting statistics highly time-resolved GFPDFs are not available. For this reason, we divide the particles in three hygroscopic fractions to further investigate the time-dependent mixing state characteristics. Measurements for D dry = 500 nm are classified as GF < 1.1 ("nonhygroscopic"), 1.1 < GF < 1.5 ("moderately hygroscopic") and GF > 1.5 ("most hygroscopic"), which correspond to ranges of κ < 0.02, 0.02 < κ < 0.13 and κ > 0.13, respectively. Figure 4 presents the temporal evolution of the number fractions of particles in these three categories together with the flight altitude. At all times, particles are simultaneously present in at least two, mostly all three hygroscopicity ranges. This indicates an externally mixed aerosol throughout the flight. The moderately hygroscopic fraction is mostly the smallest one, accounting for less than 20 % of all particles (light blue dots in Fig. 4) . The most hygroscopic fraction is predominantly the largest one, accounting for ∼ 45-85 % of all particles, while the non-hygroscopic fraction contributes to ∼ 9-34 %, whereby these values do not include the outlier. It is important to note that part of the temporal variability of the number fractions shown in Fig. 4 is caused by limited counting statistics rather than true variability of aerosol properties. However, the outlier in the fully developed ML at ∼ 12:45 LT with a non-hygroscopic fraction as high as 50 %, reflects truly different aerosol properties rather than just statistical noise.
Mixing state inferred from hygroscopicity measurements
Zeppelin
Previous mixing state studies, based on hygroscopic growth behaviour measured with HTDMAs, found similar substantial non-hygroscopic fractions in air masses influenced by urban areas, where externally mixed black carbon (BC) was revealed as the major contributor (see e.g. Juranyi et al., 2013; Laborde et al., 2013; Lance et al., 2013) . The number size distributions of freshly emitted BC particles typically peak in the diameter range around ∼ 100 nm (Rose et al., 2006) . Therefore, externally mixed BC is less likely to give a significant contribution to particles with a diameter of 500 nm as probed by the WHOPS, even though a substan- Fig. 3a and b. The HTDMA data were averaged over the same time interval which corresponds to the mean over three full measurements per layer. Note that the WHOPS cannot reliably detect particles with GF < 1.5 and D dry = 300 nm, as described in Rosati et al. (2015) . Thus, no information is available from the WHOPS measurements on the number fraction and properties of the 300 nm particles with GF < 1.5. tial contribution might be detected in the lower accumulation mode size range probed by HTDMAs. Sensitivity analyses showed that it is very unlikely that non-hygroscopic externally mixed BC particles appear at GF ∼ 1 in the WHOPS. However, atmospheric ageing processes, i.e. the acquisition of condensable vapours forming a shell around the BC core, may lead to BC-containing particles in the size range probed by the WHOPS. These processes increase the effective density of BC-containing particles, make their effective index of refraction more similar to that of BC-free particles (Zhang et al., 2008) and enhance their hygroscopicity (e.g. Tritscher et al., 2011; Laborde et al., 2013) . A combination of these effects might result in detection of aged BCcontaining particles at GF ∼ 1. Other possible contributors for the non-hygroscopic particles measured by the WHOPS could be non-BC products from biomass burning like tar balls (Pósfai et al., 2004; Alexander et al., 2008) , mineral dust (e.g. Herich et al., 2008 Herich et al., , 2009 or biological material such as virus particles, bacteria or fungal spores (e.g. Després et al., 2012) . Mineral dust is indeed a candidate as the HYS-PLIT model for Saharan Dust Intrusions (specific analysis by "Spain HYSPLIT"; http://www.hysplit.uhu.es/hysplit_sa. php; not presented here) predicted Saharan dust all the way down to the lowest atmospheric layer (100 m a.g.l.) near the SPC site. However, we do not have adequate data to further investigate the source or chemical composition of the nonhygroscopic fraction.
The SPC ground station was equipped with a HTDMA to measure GF-PDFs at RH = 90 % in the dry diameter range below 200 nm. At the location of SPC only the new ML and later the fully developed ML could be probed. Figure 5 compares the GF-PDFs measured at the ground site (HT-DMA) with the airborne data from 100 m a.g.l. (WHOPS) separately for the new ML and the fully developed ML. As explained in Sect. 2.3.1, only GF > 1.5 are considered for the particles with D dry = 300 nm. Comparing the two dry sizes probed by the WHOPS in the newly forming ML (red line and blue bars in Fig. 5a ) reveals a strong resemblance of the GF-PDF for GF > 1.5, except for a small shift towards larger GFs for the smaller particle size. This suggests that hygroscopic particles of these two sizes have a similar chemical composition. When, however, comparing to the HTDMA (yellow line) obvious differences appear: the distinct mode at GF ∼ 1 in the WHOPS data for the 500 nm particles is less pronounced in the HTDMA results. The reason might be that possible contributors to the non-hygroscopic mode are different for the larger size investigated by the WHOPS compared to the HTDMA size range. In addition, the dominant hygroscopic mode is centred at smaller GFs in the HTDMA GF-PDF, which causes a smaller mean GF and κ value compared to the WHOPS (listed in Table 2 ). It is very unlikely that these differences solely arise from the size-dependent particle composition since upper accumulation mode particles at 200 and 300 nm are expected to be similar. The chemical analysis, which will be discussed in Sect. 4.1.2, reveals a nitrate mass fraction of ∼ 22 % in the non-refractory PM 1 composition. Ammonium nitrate is semi-volatile and prone to evaporation artefacts. Gysel et al. (2007) provided strong evidence for ammonium nitrate artefacts in the dry part of the HTDMA measurement, which resulted in underestimated hygroscopic GFs. The HTDMA employed in SPC featured shorter residence times in the range between 10 and 15 s, which should minimize nitrate evaporation losses, however, they can still not be fully excluded. GF measurements done with the WHOPS are most likely less susceptible to ammonium nitrate evaporation, as the residence time in the dry part of the instrument is very short due to higher flow rates. Thus, part of the difference between the ground-based HTDMA and the airborne WHOPS in the new ML could potentially be caused by artefacts in the HTDMA, which results in a small bias of measured GFs. Another possible reason could be that the particles at the ground (measured in the surface layer) and at 100 m a.g.l. were not exactly the same due to e.g. direct influences by local emissions. This hypothesis is also supported by measurements of the particles' optical properties on this flight day, presented in Rosati et al. (2016) . A comparison of the scattering and extinction coefficients between the airborne and ground-based measurements, shown in Figs. 4 and 8 in the stated paper, respectively, also illustrate differences between the two altitudes, which are independent of the hygroscopicity measurements and associated artefacts. Figure 5b displays the results for the fully developed ML. Little variation can be seen between the results for the two sizes probed by the WHOPS. The GF-PDF measured by the HTDMA is quite similar to the one found in the newly forming ML and therefore yields comparable mean hygro- scopicity values (listed in Table 2 ). The number fraction of non-hygroscopic particles is again smaller compared to the WHOPS results. The dominant hygroscopic mode is more alike though slightly shifted to smaller GFs in the HTDMA results. Better agreement between the ground-based and airborne data for the fully developed ML, as opposed to substantial differences within the new ML, may be caused by stronger vertical mixing, thus resulting in better vertical homogeneity. Figure 6 depicts the mass fractions of carbonaceous and inorganic aerosol components in PM 1 , as well as the mean PM 1 mass concentrations for the SPC ground station and the altitude levels probed during the Zeppelin NT flights. Organic and inorganic species were always measured by an AMS, while eBC was measured by a MAAP and an aethalometer at the SPC site and on board the Zeppelin NT, respectively. At this time of day, the highest PM 1 mass concentrations were measured in new ML with mean values of 22 and 20 µg m −3 at the ground site and ∼ 100 m a.g.l., respectively (Figs. 6a, c and e) . This is expected as most emissions from the ground, which accumulated during the night, are trapped in the new ML. The mean PM1 concentrations in the RL at ∼ 700 m a.g.l. (Fig. 6c) , which is decoupled from the emissions at the ground, were substantially lower (15 µg m −3 ). These vertical gradients in aerosol concentration disappeared and aerosol loadings within the ML dropped as the new ML evolved to a fully developed ML in the course of the day, which resulted in stronger dilution and better vertical mixing of fresh emissions from the ground. This is confirmed by the results of the afternoon flights, when consistently 12-14 µg m −3 were measured at both flight levels and the ground station (Fig. 6b, d and f) .
Chemical composition
Overall, organic compounds were with 43 to 62 % by mass the largest fraction of PM1, while the sum of inorganic species contributed between 29 and 48 %. The eBC mass fraction remained constantly below 12 % and chloride was always negligible with less than 1 %. During IHP1/2 a clear difference between the mass fractions in the new ML, with a high nitrate fraction of 20-22 % (Fig. 6a and c) , and the RL, with a nitrate contribution of only 5 % (Fig. 6e) were observed. This increased nitrate fraction in the new ML can be explained by the accumulation of nitrate species overnight at low temperatures, which are formed in the nocturnal surface layer and are then entrained into the new ML after sunrise. The drop of the nitrate mass fraction in the fully developed ML is due to volatilization of nitrate species as a result of both increased temperature and dilution. The eBC fraction was slightly higher in the new ML compared to the RL, whereas the organics and sulphate fractions were substantially lower. During the afternoon flights (IHP5/6) in the fully developed ML, the differences in chemical composition at different altitudes disappeared as they did for the aerosol loading. The mass fractions of all species were comparable at the ground and the two flight altitudes and also very similar to those in the RL probed in the morning.
Several AMS campaigns at SPC previously determined the chemical composition at ground-level. A springtime campaign presented in Saarikoski et al. (2012) revealed a nitrate peak during the break-up of the nocturnal boundary layer, consistent with our observations, suggesting local sources of nitrate. In contrast, sulphate concentrations stayed constant throughout the day, thus indicating small local influence, again consistent with our results. Previous airborne AMS measurements showed high ammonium nitrate concentrations in the Po Valley plume, thus indicating large nitrogen oxide and ammonia sources in the Po Valley region .
Hygroscopicity results from airborne and ground-based measurements
A quantitative closure study between measured chemical composition and hygroscopic growth was performed as described in Sect. 3. Figure 7 illustrates the time series of the hygroscopicity parameter as deduced from the WHOPS measurements (violet points) and the chemical composition data (∼ 08:30-10:00 LT) a clear vertical trend is seen by both techniques: higher hygroscopicity values are found close to the ground (∼ 100 m a.g.l.) compared to those at elevated altitudes of ∼ 700 m a.g.l. This altitude dependence implies different layers with distinct aerosol properties, consistent with the vertical layering of the PBL indicated by and the mixing layer height illustrated in Fig. 2 . In the new ML the mean κ WHOPS is found to be 0.34 ± 0.12, while κ chem amounts to 0.26 ± 0.06. These values exceed considerably the values in the RL where a κ of 0.19 ± 0.07 and 0.22 ± 0.05 was found by the WHOPS and chemical composition, respectively. Closure is achieved between κ WHOPS and κ chem , which agree within uncertainty. Inorganic species are strongly hygroscopic, while organics and BC are only weakly hygroscopic and non-hygroscopic, respectively (Table 1). As a consequence, the hygroscopicity of a mixture is expected to increase with increasing inorganic fraction. Indeed, the higher GF in the new ML compared to the RL can be attributed to a higher inorganic mass fraction (45 % compared to 30 %; Fig. 6 ). The variation of the inorganic fraction itself is driven by the variability of the nitrate mass fraction. Thus, the high nitrate mass fraction in the new ML is responsible for the increased particle hygroscopicity in this layer.
After ∼ 11:00 LT further profiles were performed. During IHP3 and IHP4 the ML had not reached its maximum height and could, therefore, be influenced by the RL or by the entrainment zone between the layers. Therefore, we discuss only the results from IHP5 and IHP6 (∼ 12:30-14:00 LT), when the ML was fully developed and reached above the upper flight level. In the fully developed ML, hygroscopicity results show less variability with no clear dependence on altitude. The observed hygroscopicity values amount to κ WHOPS = 0.14 ± 0.06 and κ chem = 0.19 ± 0.04 at 100 m a.g.l. and κ WHOPS = 0.20 ± 0.08 and κ chem = 0.20 ± 0.04 at 700 m a.g.l., which is again closure within uncertainty ( Fig. 7 and Table 2 ). These values appear well comparable to those measured in the RL and were characterized by a similar inorganic mass fraction of 30-34 %. An exception is the measurement taken at around 12:45 LT and 100 m a.g.l., when the mean κ was considerably lower due to a strongly increased fraction of non-hygroscopic particles likely originating from a local source (see Fig. 4 ). Apart from this singular observation, the particle hygroscopic properties were homogeneous across all altitudes in the afternoon. This is in concordance with the analysis of and the mixing layer height displayed in Fig. 2 which indicate the presence of a single layer below ∼ 700 m a.g.l. Once the fully developed ML is present vertical differences in aerosol properties are expected to disappear. Only altitude-dependent changes in temperature and RH can lead to alterations of the particles e.g. through phase partitioning effects.
The hygroscopicity parameters inferred from the chemical composition measurements at the SPC ground site, κ chem -SPC, are 0.31 ± 0.08 and 0.21 ± 0.06 for the new ML and the fully developed ML, respectively (Table 2 ). This decrease of hygroscopicity is caused by the decreased nitrate and with that also total inorganic mass fraction, as also seen from the airborne measurements. However, the HTDMA at the SPC site did not observe this decrease in hygroscopicity and the HTDMA-derived κ value was significantly lower than the airborne and ground-based κ chem in the new ML. This disagreement might be a result of ammonium nitrate evaporation artefacts in the dry section of the HTDMA as already mentioned above.
Comparison with previous campaigns
The aerosol hygroscopic properties reported in this study were measured on 20 June 2012 near SPC during a predominately cloudless summer day with low wind speeds. The Po Valley has already been investigated with regard to hygroscopicity at ground-level and literature data is reported for SPC (Bialek et al., 2014) and Ispra (Adam et al., 2012 ; located at 45 • 49 ′ N, 8 • 38 ′ E at 209 m a.s.l. approximately 60 km north of Milan). In both locations measurements were carried out with HTDMAs. To compare our case study with these previous results only data recorded in the fully developed ML are chosen, where vertical gradients of aerosol properties are minimal. For the literature data, the time of day between 12:00 and 17:00 LT is assumed to be representative of the fully developed ML.
Mean κ values from the different campaigns are shown in Fig. 8 . All mean κ values in SPC, shown in Fig. 8 , fall into a very narrow range between 0.18 and 0.20, independent of method and dry sizes. The value of κ in Ispra is somewhat higher but still commensurable with the SPC results. These medium-low κ values are typical for mixtures of ammonium salts and organic fractions of 50 % or larger (see e.g. Fig. 6 ). The temporal variability is small and the range κ = 0.11-0.33 includes all data points within ±1 SD of the mean values. We conclude that a κ value of ∼ 0.22 is a good approximation for the aerosol hygroscopic properties in the fully developed ML in the Po Valley in summertime. A value of κ = 0.22 should be used when estimating the cloud condensation nuclei activity in absence of hygroscopicity or composition measurements. Note that the summertime aerosol at Ispra, at the northern edge of the Po Valley, seems to be slightly more hygroscopic than in the SPC area.
Netherlands campaign
Here we present the findings of a Zeppelin flight on 24 May 2012 near the CESAR ground station in the Netherlands (Fig. 1) . We performed a set of height profiles between approximately 11:00 and 14:00 LT, including longer legs at the following four altitudes: ∼ 100, 300, 500 and 700 m a.g.l. The first height profile (NHP1) was performed from ∼ 11:30 to 12:45 LT and the second height profile (NHP2) from ∼ 12:45 to 13:50 LT. The wind direction was predominately from north-east and the wind speed on average between ∼ 3 and ∼ 4.5 m s −1 . Therefore, the probed air masses were most likely originating from the continent with some local/regional influence due to low wind speeds. lower altitudes. This layering is consistent with the estimated mixing layer height inferred from the ceilometer data (grey shading in Fig. 9 ), indicating that we managed to fly above the new ML during NHP1 at 700 m a.g.l. However, since the change in and the vertical distance to the estimated mixing layer height are rather small, it is not clear whether the RL or the entrainment zone between the new ML and the RL were probed. A similar but less pronounced vertical structure in can also be seen during NHP2 at 700 m a.g.l. Again, most likely the threshold range between the new ML, entrainment zone and RL were probed at this altitude. In contrast to the flights in Italy, the flights in the Netherlands started later in the day and therefore the ML had more time to develop. This is one reason why most measurements during this flight were within the new ML while none of them was for certain in the RL.
Chemical composition
Unfortunately, the airborne HR-ToF-AMS data are not available for this Zeppelin flight due to an instrument failure. At the Cabauw ground site an HR-ToF-AMS and MAAP were successfully deployed to measure the composition of PM 1 . A mean PM 1 concentration of 15 µg m −3 was measured during NHP1, which decreased to 12 µg m −3 during NHP2 (Fig. 10) . This small variation is consistent with the findings from and the ceilometer indicating that the mixing layer was almost fully developed already during NHP1. Likewise, the composition also varied only little in time. Organic matter was the dominant mass fraction describing 47 and 51 % of the aerosol, during NHP1 and NHP2, respectively. During Figure 10 . Ground measurements of the aerosol particle chemical composition at the Cabauw tower during NHP1 and NHP2 on 24 May 2012. HR-ToF-AMS and MAAP results are combined for the total aerosol mass. Also, the averaged mass concentrations during the profile periods are stated.
both profiles nitrate constituted the second most abundant fraction accounting for 24 and 17 %, while sulphate made up 10 and 13 % and eBC 7 and 9 % of the total mass, during NHP1 and NHP2, respectively.
Hygroscopicity results and mixing state
The airborne hygroscopicity results from the WHOPS instrument are presented as GF-PDFs (Fig. 11) , number fractions in different hygroscopicity classes (Fig. 12 ) and hygroscopicity parameters (κ; Fig. 13 ). All three figures show little variability of the aerosol hygroscopic properties with altitude. This is expected given the previously discussed layering of the PBL, which indicates that mainly the fully developed ML was probed. Small changes in aerosol hygroscopicity are also in agreement with almost constant chemical composition at the ground site (Fig. 10) . Furthermore, compositionhygroscopicity closure is achieved, i.e. the composition derived κ (κ chem = 0.28 ± 0.06) agrees well with the GFderived κ (κ WHOPS = 0.25 − 0.29; see Table 3 ). This good agreement should be taken with some care, as for example sea salt can potentially play a role in the Cabauw area, which is not quantitatively detected by the HR-ToF-AMS. However, in the next section we will show that the sea salt influence was likely low during the flight presented in this study.
The appearance of particles with GF(95 %) across the whole range from around 0.9 to 3.2 in the GF-PDFs for a dry particle diameter of 500 nm indicates that the aerosol was externally mixed (Fig. 11) . In order to further investigate the time evolution of the mixing state, the GF-PDFs were split into three hygroscopicity classes (equivalent to the ranges chosen for the flight in the Po Valley). The dominant fraction of particles was more hygroscopic (GF > 1.5) mak- Fig. 4) : GF < 1.1, 1.1 < GF < 1.5, GF > 1.5, in blue, light blue and pink respectively; these correspond to κ < 0.02, 0.02 < κ < 0.13 and κ > 0.13. ing up 82 % (72-89 %) of the particles, while 12 % (7-18 %) were non-hygroscopic (GF < 1.1) and only 6 % (1-9 %) of the particles fell into the range 1.1 < GF < 1.5 (Fig. 12) . The number fraction of non-hygroscopic particles observed in Cabauw was about half of the corresponding fraction in the Po Valley. Despite being only half, it was still larger than expected as no evidence for Saharan dust influence was observed in contrast to the Po Valley. However, we do not have any supporting data to further assess whether it was dust or whether other candidates such as biological material, tar balls or BC containing particles contributed to the non-hygroscopic fraction (see also Sect. 4.1.1). The variability of aerosol hygroscopicity with altitude was found to be small but consistently decreasing from GF(95 %) values of 1.93 ± 0.19 at 700 m a.g.l. to 1.84 ± 0.18 at ∼ 100 m a.g.l.
(see also Table 3 ). Figure 13 shows that this trend applies for every flight altitude change after ∼ 12:15 LT. One possible explanation for this could be temperature-dependent partitioning of ammonium nitrate (which is strongly hygroscopic; see Table 1 ). Morgan et al. (2010a) previously reported an increasing nitrate fraction with increasing altitude in the Cabauw area, which was observed between measurements at the ground site and ∼ 2000 m a.g.l. In summary, the convective mixing within the fully developed ML leads to almost constant aerosol hygroscopicity as a function of altitude except for small effects from potential repartitioning of semi-volatile species. This shows that ground-based measurements provide valid information about the aerosol properties for the well-mixed part of the column aloft.
Comparison to previous campaigns
Airborne hygroscopicity measurements with the WHOPS from a different Zeppelin flight on 22 May 2012 close to Cabauw have previously been reported in Rosati et al. (2015) . This flight was characterized by sampling two distinct air mass types with and without substantial influence of sea salt aerosol. Figure 14 illustrates a GF-PDF comparison from results from 22 and 24 May 2012 (Rosati et al., 2015) . Generally speaking, the GF-PDFs are similar in that all feature a minor peak at GF ∼ 1 and a dominant peak in the range GF = 1.9-2.5. A clear increase of particles with GF > 2.5 was observed on 22 May for the air mass with sea salt (SS) influence, as opposed to the air mass without sea salt (non-SS) influence. The results from this flight on 24 May 2012 resemble more closely the non-SS case, thus indicating that this flight was not substantially influenced by sea salt. Zieger et al. (2011) presented hygroscopicity data for the Cabauw region in 2009 achieved by a humidified nephelometer ("Wet-Neph") and an HTDMA. From this campaign we selected two representative dates for SS (8 July 2009) and non-SS (14 July 2009) conditions. In order to ensure comparability only data between 12:00 and 17:00 LT are included as they were all recorded in the fully developed ML. Figure 15 presents mean κ values determined with different methods on different days, all in the Cabauw region in the fully developed ML. The literature data in Fig. 15 clearly show that the aerosol at Cabauw is more hygroscopic under the influence of sea salt aerosol, with mean κ values between 0.33 and 0.5. The variability between the three methods (WHOPS, WetNeph and HTDMA) is partially related to the increasing sea salt fraction with increasing particle size (Zieger et al., 2011) . For conditions without SS influence, literature reports lower κ values between 0.23 and 0.31, which matches the results of this study well. Thus, the flight of this study can be considered to be representative of the ML in the Cabauw area when air masses without substantial SS influence prevail. The κ values in Fig. 15 can be used as estimates for aerosol hygroscopicity at the Cabauw site when no hygroscopicity measurement is available. The uncertainty of the estimate can be reduced by distinguishing between air masses with and without SS influence.
Conclusions
During morning hours, the PBL is often separated into sublayers, which contain particles of different age and chemical history. Within the PEGASOS project a Zeppelin NT was deployed in the Po Valley, Italy, and in the Netherlands close to Cabauw, permitting one to investigate the evolving layers inside the PBL with regard to the aerosol particles' chemical composition, hygroscopic growth and mixing state. This unique airborne data set was further combined with concurrent ground-based measurements to get a more complete picture of the particles' properties throughout the flights. During the flight on 20 June 2012 in the Po Valley, different layers in the PBL could be explored: the residual layer (RL), the new mixed layer (ML) and the fully developed ML. Major differences in chemical composition and hygroscopicity were found in the first hours of the day when the new ML entrained air from the nocturnal boundary layer. During this time PM 1 nitrate concentrations represent 20 % of the to- (Rosati et al., 2015) . Both flights were located close to Cabauw and results are representative for particles with D dry = 500 nm.
tal aerosol mass leading to hygroscopicity parameters (κ) of 0.34 ± 0.12 and 0.26 ± 0.06 measured by the WHOPS (at D dry = 500 nm) and retrieved from the PM 1 chemical composition, respectively. This nitrate peak can be explained by the accumulation of nitrate species during the night which decreases during the day by partitioning to the gas-phase and dilution in the new ML. κ values in the RL and fully developed ML are comparable for the physical and chemical analysis approach yielding lower values around 0.19. The fully developed ML, which was probed during the last flight hours, showed no characteristic altitude dependence. Ground-based observations compare well to low-altitude, airborne results, confirming the higher κ values early in the morning compared to later in the day. This underlines the problematic estimation of altitude-specific data from surface measurements during the development of the ML, which could not take into account different aerosol particle properties in the RL. In contrast, ground-based data can yield reasonable results for the fully developed ML. The mixing state of the aerosols was investigated using the WHOPS, revealing an external mixture over the whole day at all altitudes. The major fraction (67 %) experienced GF(95 %) > 1.5, while 22 % were nonhygroscopic (GF(95 %) < 1.1).
In the Netherlands only the fully developed ML or the entrainment zone between ML and RL were sampled. Therefore, air masses did not strongly feature altitudedependent aerosol properties. The hygroscopic fraction (GF(95 %) > 1.5) was more pronounced than in the Po Valley amounting to 82 % of the total aerosol. Again an externally mixed aerosol was found, where 12 % of the particles showed GF(95 %) < 1.1. The mean κ values deduced WHOPS data from Rosati et al. (2015) with and without sea salt (SS) influence; Figure 15 . Inter-comparison of mean κ values and their temporal variability measured on board of the Zeppelin NT (light blue bar) and at the ground (dark blue bar) during the PEGASOS campaign on 24 May 2012 in the Netherlands. Additionally, results from two separate campaigns reported in the literature are shown (red bars). For the flight described in Rosati et al. (2015) two separate bars are presented dividing results in sea salt (SS) and non-sea salt (non-SS) influenced periods. In the same way results from Zieger et al. (2011) are split in SS and non-SS periods for measurements performed with two different techniques.
from the WHOPS and the ground-based chemical composition data are very similar amounting to 0.28 ± 0.10 and 0.28 ± 0.06, respectively.
When comparing results from Italy and the Netherlands it appears that the non-hygroscopic aerosol fraction (GF(95 %) < 1.1) is more dominant in the Po Valley, which could be explained by enhanced Saharan dust intrusions which are more likely to occur in Italy. HYSPLIT calculations support this hypothesis observing dust intrusions even in the lowest layer of 100 m a.g.l. on this specific flight day. On the other hand, the fraction of particles with GF(95 %) > 1.5 in the fully developed ML is considerably higher in the Netherlands. Overall chemical composition measurements feature the organics fraction as the most dominant one both in Italy and the Netherlands, describing approximately 50 % of the total aerosol mass.
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